The study area is located in Bayuda desert lying about 400 km from Khartoum in the state of River Nile, North Sudan. The present study aimed to identify gold mineralized zones through an integrated geoscientific approach. The approach integrated the results of geospatial studies, geological mapping, field observations and geochemical data. Remote sensing studies using ASTER and Quickbird data helped to identify the zones of chloritic, sericitic and phyllic alteration signatures and gossan rich zones. Geological mapping and field observations confirmed the presence of gold mineralization along the quartz veins which shared the litho contacts of biotite muscovite schist, biotite muscovite gneiss and silicate gneiss. These gold bearing potential areas were found to be structurally controlled and most of the mineralizations were along the proximity of shear-zones, faults and folds. The gold assay values obtained from the chemical analysis of stream sediment and pitting-trenching samples also confirmed the results of remote sensing and geological mapping. Integration of all these data helped to identify drill holes' locations in the study area for further exploration. This focused plan facilitated cost and time optimization in exploration activities.
valence of inhospitable climatic conditions & sparse population, the process of mineral prospecting in the country has been patchy in times. A Lot of exploration work has been carried out in the country but there are still no proper estimates of mineral reserves. Many mineral occurrences still remain unexploited due to inappropriate prospecting methods [1] . Since 1980, different opportunities of modern innovative technologies for gold exploration came into exist because of the joint ventures between Sudan and other foreign investors. From 1980's, substantial discoveries of gold deposits in the Red Sea Hills encouraged the search for gold, not only in areas of quartz veins, but also in rocks associated with gossans.
In Sudan, gold occurrences located in six greenstone belts namely 1) the red Sea hills in north east Sudan; 2) the Nubian Desert east of Nile River and south Egypt border; 3) the Hofrat En nahas area in the West (Darfur region); 4) the Nuba Mountain west of White Nile; 5) the Blue Nile area in South east Sudan; and 6) the Equatorial region of South Sudan which close to Uganda.
Many workers [2] [3] [4] [5] [6] [7] studied the different geological environments responsible for gold mineralization occurring in this N and NE part of Sudan. Most gold occurrences in the region linked to a hydrothermal activity that accompanied emplacement of Proterozoic-Early Paleozoic calc-alkaline granitoids [3] [4] . Some gold deposits were related to a shearing episode that post-dated emplacement of all batholithic intrusions and others are thought to have formed by exhalative hydrothermal processes during the break phases of sub-marine volcanic activity [8] [9] . Gold production in northeast Sudan is as old as the Pharoanic regime of Egypt and northern Sudan [7] . There are more than hundred ancient gold mining sites, most of which consist of shallow surface diggings on quartz veins and shear zones.
Several attempts were made to classify gold occurrences in the region [4] [7] [10] [11] but the recently adopted classification is taking the tectonic evolution into consideration based on the mode of occurrence and the nature of mineralization. In this classification, three broad categories of primary gold deposits were recognized in addition to the placer deposits: 1) Pre-metamorphic mineralization (island-arc stage gold): is a syngenetic gold mineralization associated with massive sulphides deposits; 2) Gold mineralization related to the regional tectonometamorphic episodes (orogenic stage gold): Non-stratabound deposits encountered mainly in both calc-alkaline I-type granitoids and metamorphic rocks surrounding them; and 3) Gold mineralization related to shear zones (post-collision gold): This type of mineralization occurs exclusively in the form of auriferous quartz veins that developed along first and second-order shear fracture zones.
Thus, the present study is aimed at utilizing an integrated approach of remote sensing studies, geological mapping and geochemical survey for gold exploration in an identified block in the state of River Nile in North Sudan.
Study Area
The study area (Figure 1 ) covers an approximate area of 1350 sq km which is located near to Bayuda desert lying about 400 km from Khartoum in the state of River Nile, North Sudan. It is naturally a rugged terrain with slight undulations. It has been covered by alluvial/ sandy partials due to Bayuda Desert activities. Volcanic field is observed as ring dykes along the western margin of area. Average elevation of the area is around 400 m.
The study area is having an arid climate. From June to August rainfall becomes active in this area with an average temperature of 34˚C and dry season prevails in September. During hot season sometimes temperature rises to about 49˚C accompanied with dust storm. Prolonged dry season is prominent in the area. Humidity is generally low in this area.
The main drainage sytem of the area is River Nile which is flowing from south to north towards Egypt. North of Khartoum and between 4 th and 5 th Cataracts, the Nile River executes a remarkable loop around the Bayuda Desert. The course of the Nile is entirely controlled by the underlying basement fold structure. Numbers of wadis are observed along schist complex and gneissic terrenes. These Wadis (Wadi Singer) carries traces of gold with silt and sand particles during rainy season from June to August.
Geological Settings of the Study Area
The study area lies in the geosynclinal Bayuda Formation which was subdivided into three rock series, viz. 1) Kurmut series; 2) Rahaba Series and 3) Absol Series [12] ( Table 1) .
The well foliated and folded rocks of the Kurmut Series are exposed in the eastern and northern parts of the Bayuda area. The rocks of the Kurmut Series mainly consist of metasediments such as quartzites, quartzitic sch- The rocks of the Rahaba Series are conformably overlying the Kurmut Series. The Rahaba Series occupies almost the overall central and western parts of the Bayuda desert. In the basal parts of the series, biotite and hornblende gneisses predominate with numerous amphibolite intercalations. Acidic muscovite-bearing quartz feldspar gneisses, with amphibolite intercalations in thin layers, and lenses of calc-silicate garnetiferous quartzitic mica schists and graphitic schist, form the typical rocks of the upper parts of the Rahaba Series in the northeastern and central part of the Bayuda desert. The acidic gneisses contain many pegmatoids, and in parts thin out and are replaced by a monotonous sequence of biotite gneisses with rare intercalations of amphibolite. The rocks of the Rahaba Series are well and intensely folded.
In southwest, west and northwest parts of Al Shireik, the quartz micaschists, quartzites, graphite schists, manganese schists and rare intercalations of marbles and calc-silicate schists of the Absol Series are underlain by the upper parts of the Rahaba Series. Lenticular bodies of amphibolites and hornblende gneisses are present in these metasediments, which have probably been formed from basic volcanic rocks. The rocks of the Absol Series generally strike northwest in the southern part but then bend round to the north-south, northwest or even west in the northern part of the area.
Materials and Methods
The entire study for gold exploration was carried out in 3 consecutive phases which is shown below:
As a part of phase I, four blocks were shortlisted based on remote sensing (ASTER satellite data analysis) and field geological information. The Phase II study concentrated on these short-listed blocks with large scale geological mapping using Quick Bird data and geochemical sampling which was followed by analysis to further prioritize prospecting sites indicating occurrence of gold bearing formations. The Phase III work involved detailed pitting and trenching that was carried out in one of the prioritized prospecting block.
Satellite Remote Sensing Studies
Remote sensing studies were carried out in two phases using ASTER and Quick bird satellite data to explore the area in terms of its lithology, structure and geomorphology related to gold mineralization. Various spectral analysis techniques such as band ratio, band depth ratio, spectral angle mapper etc. were implemented [13] . Spectral characteristics of alteration minerals were extracted using SWIR bands of ASTER imagery which shows strong absorption characteristics for alteration minerals. Gossan rich zones and hydrothermal alteration zones viz. chloritic, sericitic and phyllic alterations (Figure 2) were identified using the remote sensing techniques. These alteration zones are the key source of gold mineralization and also the path finder for further detailed exploration study [14] . Quick bird data of 0.5 m resolution was processed to map lithological and structural units pertaining to gold mineralization at larger scale of 1:5000.
Geological Mapping
Field work was carried out to understand the geology of the area and to validate the alteration signatures in the Figure 2 . Represents the areas of Chloritic and Phyllic alteration identified from spectral analysis techniques using satellite data.
ground which have been derived from satellite image processing techniques using both ASTER and Quick Bird data. Additionally certain other characteristics such as lithological contacts, structural trend, orientations, deformed features and geomorphological characteristics have been observed and mapped in the field. The quartz veins striking NE-SW direction of different dimensions with high iron (Fe) content in particular were also identified in association with muscovite biotite gneisses and schists (Figure 3) . Along with geological mapping, samples were also collected for geochemical analysis to understand the areas of higher ore concentration.
Geochemical Studies
Geochemical sampling and the analytical results of the samples are very helpful to locate hidden ore bodies that are without visible surface indications. During the field work along with geological mapping, stream samples were collected from the conjunction of 1st, 2nd & 3rd order streams. Around 182 samples were collected and stored in sample kits. The collected samples were transported to geochemical laboratory for chemical analysis for gold and associated elements. The stream sediment sample analysis data has been used as a path finder as well.
For detailed sampling, pitting and trenching ( Figure 4) were carried out in one prioritized block. The depth of circular to sub circular pit with approximate 2 meters in diameter varies from 1 to 2 meters and changes accordingly as per terrain conditions. The depth of each level is 0.5 meters and 3 pairs of sample at each level have been collected. The trench length also varies due to extension and dipping direction of auriferous quartz vein and suitable site of gold mineralization. These trenches were 2 to 3 meter in width and 2 -2.5 meters in depth. Trench samples were collected from channel made at the bottom of the each trench and the sample length was maintained at 10 meters. In total 934 samples were collected, out of which 110 samples were collected from pitting and remaining 824 samples from trenching. Collected samples were reduced to 0.5 kg by coning and quartering for chemical analysis. The results of the chemical analysis data were plotted to understand the areas of high anomalous zones of gold mineralization with respect to the geology of the area.
Results
Firstly, considering remote sensing (ASTER) study and geological mapping (at 1:25,000 scale) (Figure 5 ), 4 blocks (Figure 1 ) of approximately 81 sq km area were identified. Secondly, remote sensing (Quickbird) study, detailed geological mapping (at 1:5000 scale) and geochemical analysis data of stream sediment samples were integrated and 8 zones in block 1 (Figure 1) , 6 in block 2, 1 in block 3 and 4 zones in block 4 have been prioritized. Finally, with the integration of geochemical analysis data of pitting and trenching samples of Block 1, 24 drilling locations have been proposed in this block.
Hydrothermal alterations viz. chloritic, sericitic and phyllic alteration signatures and gossans are identified and mapped in the study area. These alterations play a key role in identifying gold mineralizations zones. The country rocks locally suffered an extensive wall rock alteration (viz. chloritic, sericitic and phyllic alteration) caused by the hydrothermal fluids travelling along the path of least resistance through fractures and faults in the country rock. These fluids provide the materials to be deposited in the vein deposit that occurs on the surface. This was identifiable by the remote sensing based alteration signatures which provide the path for carrying out further exploration studies. Similarly as a guide to decipher the surface mineralization gossan rich zones subjected to high iron oxide concentration occurs over sulphide deposits were also mapped through spectral analysis. These sulphide ore bodies occurring in the oxidation zones often contain gold deposits. These alteration zones were identified through remote sensing studies and are verified during the detailed field investigation. Remote sensing and field geological mapping shows the major occurrence of lithological formations viz. biotite muscovite gneiss, amphibole diopside garnet gneiss, metacalcareous rocks, biotite silicate gneiss, quartz mica schist, pegmatite veins and diorite, dolerite dykes as intrusives. In field, gold mineralization is found mostly to be associated with quartz veins and along its periphery. These quartz veins shares the litho contacts of biotite muscovite schist, biotite muscovite gneiss and silicate gneiss as observed in field (Figure 3) .
As observed in the field, the gold bearing potential areas are structurally controlled and most of the mineralization's are along the proximity of shear-zones, faults and folds in the form of auriferous quartz veins. General regional trend of the formation is NE-SW, which varies in between N10˚E to N20˚E and follows E-W direction along the fold axis in the central region of the block, dipping towards 35˚W to 75˚W. Quartz veins follow the same trend of lithounits in most of the areas. In the project area, in-situ gold occurrences are associated with quartz veins. However, at several locations, placer deposits have also been found.
The stream sediment and pitting-trenching sample analysis helped to model the probable mineralized zones exposed on the surface. The chemical analysis results were integrated with geological and structural data to better understand the mineralization. The gold assay value obtained from the chemical analysis of stream sediment 
Discussion
Integrated spectral enhancement techniques with geospatial analysis helped to detect the zones of mineralization while geological mapping and geochemical sampling helped to confirm the areas of potential sites for gold mineralization.
The areas of alteration were mapped from remote sensing studies which demarcated the rocks hosting gold mineralization. Majority of the gold mineralization were associated with quartz veins/veinlets and host rocks of primary importance i.e. biotite muscovite schist, biotite muscovite gneiss and silicate gneiss. The veins vary in size and generally the quartz veins & ridges trends coincide with the schistosity of the metavolcano sedimentary rocks (NE-SW).
Gold mineralization of the area was mainly characterized to be associated with shear zones, proximities to fold axis and faults. The gold deposits are highly structurally controlled, disseminated, vein-type lodes whereby the mineralization was found to be aligned by the process of folding and limb thrust. Hence, the delineation of structural features in the study area is aided in the selection of anomalous zones of prime interest for modeling gold potential sites.
Chemical analysis data of stream soil and pitting-trenching samples played a major role in identifying the areas for prospect areas. Samples showing high geochemical assay values were considered as a pathfinder to locate the gold mineralization in the present study area.
Conclusion
Gold prospecting areas were identified by integrating spectral signatures of hydrothermal alterations (chloritic, sericitic, phyllic alteration and gossan rich alteration zones), updated lithology, structures and geomorphological features with limited ground truth verification. It was concluded from the study that gold mineralization was mostly found to be associated along the quartz veins in contact of biotite muscovite schist, biotite muscovite gneiss and silicate gneiss. Moreover structurally, gold mineralization in the area was associated with shear zones, proximities to fold axis and faults. The area defined by geospatial analysis and geological mapping was further subjected for geochemical studies. The results of bulk fraction of stream sediment & pitting-trenching samples from the allotted area indicated zones of gold occurrences.
Such an approach was basically adopted to have a focused plan of exploration and facilitate cost and time optimization in exploration activities.
